Introduction
============

Extensive use of antibiotics in the environment and the clinical domain contributes toward the emergence of (multi-)drug resistant bacterial pathogens. This has become a global threat ([@B21]). *Staphylococcus aureus* (*S. aureus*) is among the bacterial species associated with increasing drug resistance, morbidity, invasive disease, and mortality in humans as well as animals ([@B4]; [@B25]; [@B16]). *S. aureus* is a common opportunistic human pathogen identified most often on the nasal epithelium, About 30--50% of healthy individuals are persistently colonized ([@B30]). *S. aureus* causes a large variety of community as well as hospital-acquired infections. These include deep abscesses, endocarditis, osteomyelitis, pneumonia, and bloodstream infections ([@B7]; [@B20]; [@B27]). *S. aureus* nasal carriage is a risk factor for the development of staphylococcal infections. Adherence to the human nasal epithelial cells is a prerequisite for *S. aureus* colonization and initiation of infection ([@B22]). The prevalence of non-symptomatic colonization with methicillin resistant *S. aureus* strains in the open United States population escalated from 0.8 to 1.5% over recent years ([@B13]).

Colonization begins with the interaction between nasal epithelial ligands and bacterial receptors often cataloged as microbial surface components recognizing adhesive matrix molecules (MSCRAMMS) ([@B7]; [@B10]). During colonization *S. aureus* expresses adherence genes (*clf* B, *isd*A, *fnb*A, *eap, sce*D, *oat*A, and *atl*A) and several immune-modulating genes (e.g., *sak, chp, spa*, and *scn*) ([@B3]; [@B2]). Host factors and local microbiota can affect the adhesion and colonization properties of *S. aureus* as well ([@B6]; [@B8]; [@B24]).

During colonization, *S. aureus* secretes a number of immune-modulating proteins. Staphylococcal complement inhibitor (SCIN), encoded by the *scn* gene, can efficiently protect *S. aureus* by inhibiting the innate immune response mediated by human neutrophils. SCIN and other immune modulating proteins are encoded on the immune evasion cluster (IEC) ([@B11]). The *scn* gene was identified as a conserved one being present in all IEC ([@B28]). To test the role and stability of IEC human artificial inoculation was performed using isolates with and without IEC. It was concluded that IEC may not play a significant role in adherence but it did display an essential role in propagation and long term survival ([@B29]).

We have here used whole genome sequencing (WGS) to quantify the mutational changes occurring in *S. aureus* strains during natural and artificial nasal colonization during periods ranging between 1 and 36 months. The numbers of human volunteers and hence the overall number of *S. aureus* nasal isolates are limited due to the technical and logistic complexity of the studies involved ([@B29]). In addition, studies involving colonization of human volunteers have to follow extensive ethical procedures and protocols. We applied bio-informatics approaches to assign MLST types and to detect genetic variation at the single nucleotide polymorphism (SNP) level. Moreover, we analyzed selective presence of virulence factors for all strains.

Materials and Methods {#s1}
=====================

Description of the Strain Collection
------------------------------------

*Staphylococcus aureus* strain collection was carried out as described earlier ([@B29]) at Erasmus Medical Center (Rotterdam, Netherlands). Naturally colonizing strains were isolated from nasal swab cultures from healthy persistent carriers who were positive for *S. aureus* at five culture moments over a time interval of 3 months in both 2007 and 2010. Artificially colonizing strains were collected from the human volunteers inoculated with *S. aureus* strain NCTC 8325-4 with or without IEC and follow-up cultures were performed in 2008 (days 1, 2, 3, 4, 7, 14, 21, and 28 after inoculation). The latter strains were susceptible to all common antibiotics and were free from staphylococcal toxin genes ([@B32]; [@B31]). A review of all strains sequenced is provided in [Supplementary Table 1](#SM1){ref-type="supplementary-material"}.

*S. aureus* Genome Sequences
----------------------------

Isolates were sequenced by WGS (Illumina HiSeq 2000 platform). Raw reads were assembled using the A5 MiSeq-20140604 assembler. Datasets for strains cultured in 2007 and 2010 contained 35 and 22 isolates, respectively, involving natural nasal colonization in 6 persistent carriers. The dataset from 2008 (28 isolates) was collected for strains from 6 different volunteers artificially colonized with *S. aureus* strain NCTC 8325-4. DNA isolation was performed for up to three colonies from each culture to define their genotypic stability at different point of times during short term as well longer term nasal carriage (see [Supplementary Table 1](#SM1){ref-type="supplementary-material"}). The sequences obtained from the 1 to 3 independent colonies taken for some of the individual strains were analyzed independently by the bioinformatics tools applied. Using bioinformatics tools as BioNumerics (Applied Maths, bioMérieux, Belgium), kSNP3 (Computations/Global Security, Lawrence Livermore National Laboratory, Livermore, CA, United States and Bellingham Research Institute, Bellingham, WA, United States), and Abricate (Torsten Seemann, University of Melbourne, Australia), all genomes were analyzed extensively.

MLST Typing and SNP Detection
-----------------------------

To understand the genetic diversity of all the isolates multi-locus sequence typing (MLST) was performed using BioNumerics^[1](#fn01){ref-type="fn"}^. The MLST method is known to have a higher discriminatory power for *S. aureus* strains than PFGE ([@B18]). For classical MLST typing seven housekeeping genes and their various alleles were used to define strain relatedness^[2](#fn02){ref-type="fn"}^ ([@B15]). A phylogenetic tree was constructed by executing the Linux based stand-alone source code of kSNP3 ([@B9]), which identified core genome SNP counts and provided a consensus parsimony phylogenetic tree. The kmer size was set to 19, the optimum size estimated by the kSNP3 utility program Kchooser ([@B9]). Pairwise SNP distances between later stage isolates as compared to early stage isolates from each individual were calculated to define mutation over time. The python script kSNPdist was used to calculate the pairwise SNP divergence between all *S. aureus* isolates. kSNP3 and kSNPdist executables for OS X and Linux are freely available at <https://sourceforge.net/projects/ksnp/>.

Resistance and Virulence Gene Identification
--------------------------------------------

All the genomes were screened for the presence of 40 known and putative virulence genes^[3](#fn03){ref-type="fn"}^ ([@B26]) (enterotoxin genes, exotoxin genes, leucocidin genes, hemolysin genes, surface protein genes, and putative virulence genes) and the *S. aureus* antibiotic resistance genes available in the ResFinder database^[4](#fn04){ref-type="fn"}^. Those 40 genes are grouped as classical staphylococcal. The Linux-based command line tool known as Abricate was downloaded^[5](#fn05){ref-type="fn"}^ to perform additional mass screening for antimicrobial resistance or virulence genes. All the identified resistance and virulence genes in the dataset were summarized in [Supplementary Table 3](#SM1){ref-type="supplementary-material"}. Additionally, *in silico*-based mapping of the *scn* gene using BioNumerics was carried out to determine the presence of IEC ([@B28]).

Results
=======

Quality Testing of Genome Datasets
----------------------------------

Genome sizes varied from 2,647 to 2,827 Kilo base (kb). The average number of contigs generated per genome was 64 contigs (ranging from 40 to 315 contigs). The average N50 contig length was 171778 bp ([Supplementary Table 2](#SM1){ref-type="supplementary-material"}). Isolates (and hence their genomes) from a single individual are expected to be part of a single clade as predicted by the MLST data and phylogenetic clustering ([Figure 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}).

![Phylogenetic tree depicting clustering on the basis of core SNP count ranges from 0 to 757 SNPs (median 4 SNPs) in all the *Staphylococcus aureus* strains colonized during 3 months (2007 subgroup) of follow up along with their date of isolation, persistent carriers from which they have isolated after maximum three cultural moments, their sequence type and resistance genes. Note that all isolates are clustered together on the basis of the original individual they were cultured from.](fmicb-10-01525-g001){#F1}

![Evolutionary relationship on the basis of core genome SNP counts detected (range 0 to 11 SNPs) in *S. aureus* strains colonized and isolated during 1 month (2010 subgroup) along with the date of their isolation, the host from which they have isolated, MLST and resistance genotype. Isolates from the same host are clustered together showing their higher strain relatedness.](fmicb-10-01525-g002){#F2}

Short Term Evolution (1--3 Months) in Naturally Colonizing *S. aureus* Strains
------------------------------------------------------------------------------

*Staphylococcus aureus* isolates from 2007 and 2010 (35 and 22 genomes, respectively) from carriers A to F were analyzed for short term genomic changes, over 3 months (in 2007), and 1 month (in 2010). ST30 (2007: 47%; 2010: 30%) and ST20 (2007: 17.60%; 2010: 30%) were found to be the dominant MLST types followed by ST8 and ST5 (18% each) in 2007 and ST22 and ST7 (20% each) in the 2010 subgroups ([Table 1](#T1){ref-type="table"}). Over the period of 3 years some of the strains were replaced by different sequence type strains within a same carrier. For instance isolates from carrier B and D in 2007 were ST30 and ST8 but in 2010, isolates from the same carries were ST7 and ST22, respectively. These strains were not included for longer term pairwise SNP divergence analysis ([Table 1](#T1){ref-type="table"}).

###### 

Pairwise SNP distances identified between all the early and later stages isolates (according to their isolation date) among the *S. aureus* strains of subgroup 2007 and 2010 independently from each persistent nasal carrier.

      2007      2010                                         
  --- --------- --------- ---- ---- --------- --------- ---- ----
  A   1410027   1410030   10   30   1410063   1410066   4    30
                1410031   11                  1410067   5    
                --        --                  1410068   7    
      1410028   1410030   11        1410064   1410066   4    
                1410031   10                  1410067   3    
                --        --                  1410068   3    
      1410029   1410030   11        1410065   1410066   3    
                1410031   13                  1410067   3    
                --        --                  1410068   3    
  B   1410033   1410036   7    30   1410069   1410073   11   7
                1410037   7                   1410074   12   
                1410038   10                  --        --   
      1410034   1410036   17        1410070   1410073   10   
                1410037   17                  1410074   11   
                1410038   20                  --        --   
      1410035   1410036   7         1410071   1410073   13   
                1410037   7                   1410074   14   
                1410038   10                  --        --   
  C   1410039   1410042   43   20   1410075   1410078   7    20
                1410043   16                  1410079   7    
                1410044   16                  1410080   9    
      1410040   1410042   44        1410076   1410078   3    
                1410043   18                  1410079   2    
                1410044   18                  1410080   2    
      1410041   1410042   43        1410077   1410078   8    
                1410043   15                  1410079   7    
                1410044   15                  1410080   8    
  D   1410045   1410048   25   8    1410081   1410084   2    22
                1410049   3                   1410085   3    
                1410050   26        1410082   1410084   1    
      1410046   1410048   27                  1410085   4    
                1410049   3         1410083   1410084   2    
                1410050   27                  1410085   4    
      1410047   1410048   24                                 
                1410049   3                                  
                1410050   26                                 
  E   1410051   1410054   2    30                            
                1410055   1                                  
                1410056   0                                  
      1410052   1410054   6                                  
                1410055   22                                 
                1410056   5                                  
      1410053   1410054   5                                  
                1410055   22                                 
                1410056   3                                  
  F   1410057   1410060   9    5                             
                1410061   2                                  
                1410062   0                                  
      1410058   1410060   9                                  
                1410061   2                                  
                1410062   0                                  
      1410059   1410060   8                                  
                1410061   2                                  
                1410062   0                                  

Multilocus sequence typing was assigned to all the isolates of each host. From one carrier, multiple colonies were selected and sequenced to count the number of SNP differences between different colonies. Exceptionally from carrier A strain id 1410032 was shifted to ST22 and isolate 1410072 was contaminated thus not included in SNP analyses.

Core genome SNP counts for the genomes of all the strains collected in 2007 and 2010 ranged from 0 to 757 SNPs (median 4 SNPs) and 0 to 11 SNPs (median 3.5 SNPs), respectively ([Figure 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}). We observed a small pairwise SNP distance between all the early and the later stage isolates within a carrier (all carriers pooled, 2007 median number of SNP divergence was 10 and in 2010 median SNP distance was 4 ([Table 1](#T1){ref-type="table"}). The maximum number of pairwise SNP differences calculated for the genomes of the isolates of carrier C ranged from 15 to 44 SNPs followed by 3 to 27 SNPs in strains from carrier D, 0 to 22 in strains from E, 7 to 20 in strains from B, 10 to 13 in strains from A and 0 to 9 SNPs in strains from F ([Table 1](#T1){ref-type="table"}). Paired SNP differences were also calculated for strains from subgroup 2010 illustrating the highest ranges (10--14) among strains from host B followed by 2 to 9 SNPs in strains from C, 3 to 7 in strains from A, and 1 to 4 in strains from individual D ([Table 1](#T1){ref-type="table"}). On an individual basis, the pattern of pairwise SNP differences is relatively random between the isolates from early and later stages of colonization.

Longer Term Evolution (3 Years) in Naturally Colonizing *S. aureus* Strains
---------------------------------------------------------------------------

Evolutionary analysis over a period of 3 years (2007--2010) could only be done for the isolates from two persistent carriers, A, and C. In these carriers the MLST type remained unchanged over time, suggesting persistent colonization with the same strains ([Table 1](#T1){ref-type="table"}). All isolates of carrier A and C from both 2007 and 2010 were analyzed for the presence of core genome SNPs which ranged from 0 to 26 SNPs (median 4 SNPs) ([Figure 3](#F3){ref-type="fig"}). Host specific pairwise SNP differences between the isolates dating 2007 and 2010 for both carriers A and C individually were 9--33 SNPs (median 19) and 15-57 SNPs (median 24), respectively ([Figure 4](#F4){ref-type="fig"}). All strains from one carrier showed random distribution of SNPs; e.g., SNP distances between strains 1410027 and 1410029 versus the later stage strain 1410066 were 9 and 11 SNPs ([Figure 4](#F4){ref-type="fig"}). This demonstrated that genomic evolution was random and none of the SNPs were fixed genetically over time.

![Phylogenetic tree showing longer term (3 years) diversity and relatedness of *S. aureus* strains on the bases of core genome SNP counts ranged from 0 to 26 SNPs in all the isolates from two nasal carriage individuals (A and C) for both the years 2007 and 2010.](fmicb-10-01525-g003){#F3}

![Heat maps showing the host specific pairwise SNP divergence (longer term) among all the early (2007) and later stage (2010) isolates of carrier A and carrier C individually with the color range of dark green (least SNP divergence) to red (higher SNP divergence). In both the hosts A and C pairwise SNP distances between the isolates of 2007 and 2010 datasets are visibly higher (from yellow to red boxes) than that of within the dataset itself (from dark green to light green boxes) with one exceptional isolate 1410042 in carrier C which showed higher pairwise SNP divergence within its dataset (orange boxes) as well as with the isolates of 2010 dataset (red boxes).](fmicb-10-01525-g004){#F4}

Mutational Analyses of Strains From Artificially Colonized Humans
-----------------------------------------------------------------

All strains were of ST8. No considerable identity was observed with resistance genes ([Supplementary Table 3](#SM1){ref-type="supplementary-material"}) from the database which was in agreement with the pan-susceptibility of the isolates. The overall core genome SNP counts among the isolates ranged from 0 to 7 SNPs (average 2) ([Figure 5](#F5){ref-type="fig"}). The maximum range of pairwise SNP distances between the isolates within a host was 0 to 5 SNPs (median SNP distance 2) after 28 days of colonization in *S. aureus* nasal carriers ([Table 2](#T2){ref-type="table"}).

![Core genome SNP counts based phylogenetic tree illustrating the close resemblance among the genomes isolated from artificially inoculated *S. aureus* nasal carriers in 2008. Core genome SNP counts here ranged from 0 to 7 core SNPs and each cluster is showing random collection of the strains irrespective of their specific host depicted very less genomic evolution (in 1 month) in artificially colonizing strains.](fmicb-10-01525-g005){#F5}

###### 

Pairwise SNP distances found in artificially colonizing strains isolated during short term colonization in different individuals.

  Host ID   2008 (28 days)   SNP differences   
  --------- ---------------- ----------------- ---
  11A       1410099          1410102           4
            1410100                            1
            1410101                            4
  12        1410106          1410109           3
                             1410110           2
                             1410111           5
            1410107          1410109           2
                             1410110           1
                             1410111           4
            1410108          1410109           2
                             1410110           0
                             1410111           3
  16        1410112          1410115           0
                             1410116           0
                             1410117           0
            1410113          1410115           1
                             1410116           1
                             1410117           1
            1410114          1410115           3
                             1410116           2
                             1410117           3
  18        1410118          1410119           1
                             1410120           4
                             1410121           2
  19        1410122          1410125           2
            1410123                            1
            1410124                            2
  20        1410126          1410129           3
            1410127                            3
            1410128                            3

Fourteen virulence genes (*sea, hla, hlb, hld, hlgB, clfA, clfB, fnbA, fnbB, icaA, sdrC, sdrD, sdrE*, and *tsst-1*) were identified in the current sequence dataset ([Supplementary Table 3](#SM1){ref-type="supplementary-material"}). The virulence factor *fnbA* was not found in isolates from host B and was also missing in one of the isolates from carrier F (1410060). Two strains (1410054 and 1410055) were shown to have acquired the *cna* gene during colonization of host E ([Supplementary Table 3](#SM1){ref-type="supplementary-material"}). Absence of the *scn* gene corroborating the complete lack of IEC in artificially colonized strains ([Supplementary Table 3](#SM1){ref-type="supplementary-material"}).

Discussion
==========

In the present work, we have studied the evolutionary patterns in nasal *S. aureus* strains to better understand their local adaptive behavior and mutational frequency. Low core genome SNP values among all the genomes defines the significant strain relatedness witnessed in this study. This is experimentally supported by the outcomes of previous research ([@B1]) where *S. aureus* strains with \<71 SNP differences were considered as non-discriminate. Similar findings by [@B12] suggested that SNP divergence with in a host varied from ∼ 0 to 27 SNPs among host specific isolates. In our study, one isolate from host C (1410042) was showing an exceptionally high SNP divergence value for which we have no clear explanation ([Figure 5](#F5){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Phylogenetic trees ([Figure 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [5](#F5){ref-type="fig"}) were constructed on the basis of core genome SNPs identified within strains from all individual hosts showing different numbers of mutations as compared to their pairwise frequency of SNP divergence. The level of diversity (SNP divergence) within the hosts was consistently lower than that detected between different hosts and of same MLST type ([@B12]).

Prior studies tried to assess the number of SNPs accumulating over time, but mostly under selective conditions. [@B23] calculated that during selection for linezolid resistance an expected 17--93 mutations should accumulate per genome per year. A more global calculation using a significantly larger strain collection resulted in average number of less than 10 SNPs per genome per year ([@B14]). [@B1] came up with figures around 70 SNPs per year. Obviously, the discussion on epidemiological SNP cut off values defining identity (or not) or close relatedness between clinical isolates have not been finalized yet. On the basis of this study, we suggest a median SNP cut off 20 SNPs. Although in our study limited numbers of individuals are included, a high number of strains per individual were included to thoroughly study mutation frequency over time. Our suggested cut off can be used to identify *S. aureus* strains as identical or not in outbreak management.

Nasal colonization with strains carrying virulence determinants such as fibronectin (*fnb*) and collagen adhesions (*cna*) may represent risk for subsequent invasive infections in carriers ([@B19]; [@B17]).

We acknowledge that our study is likely to be underpowered: limited numbers of individuals were able to take part in these long-lasting and logistically complicated studies. Still, the artificial inoculation model is a unique feature of this study. So far and except for our own work, very few studies have been done using artificial inoculation in humans ([@B5]). On the other hand, epidemiological studies usually take place in similar time frames as used here. The mutation frequency we observe here during weeks and months will be well aligned with those occurring during active outbreaks since these mostly also span weeks rather than months.

Conclusion
==========

Median core genome SNP counts and pairwise SNP divergence for all the strains studied here were always lower than 20 over periods up to 3 years of evolution in individual carriers. During artificial colonization, where median core genome SNP, and pairwise SNP distance scores were 2, there is no early stage selection of different genotypes. In addition, during stable long(er) term colonization (up to 3 years) the number of accumulating SNPs was low as well. We here suggest an epidemiological median cut off value of 20 SNPs as a marker of *S. aureus* strain identity during outbreaks of infection. Random pattern of pairwise SNP divergence between the strains isolated from single carrier suggested that the WGS of multiple colonies is necessary for outbreak infection analysis.
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